The off-line γ-spectrometry was carried out after the end of bombardment (EOB) to measure the activity of the radionuclides produced in each foil and cross sections were calculated. Measured cross-sectional data were analyzed in terms of compound and precompound model calculations. Conclusions: Theoretical estimations confirmed that major production yields are mostly contributed by the compound reaction process. Preequilibrium emissions contributed at the high energy tail of the 3n channel for both the reactions. Moreover, an indirect signature of a direct reaction influence was also observed in the 90m Y production. 
I. INTRODUCTION
were also studied by our group to produce NCA 97 Ru [26] [27] [28] [29] [30] .
On the other hand, low-lying high intense γ-rays of 101m Rh help in the in vivo monitoring by using a scintillation camera, while emission of Auger, Coster-Kronig electrons and X-rays aid in therapeutic applications. The 101m Rh (4.34 d) decays mainly by electron capture (92.8 %) to stable 101 Ru by emitting 306.9 keV (81 %) and 545.1 keV (4.3 %) γ-rays and by isomeric transition (IT) (7.2 %) to 101 Rh (3.3 a), which finally decays to 101 Ru.
So far, production of 101m Rh has been studied using light ion (p, d, 3 He, 4 He) induced reactions only. 101m Rh was produced through the decay of its precursors 101 Pd and 101 Ag, which were populated in p-induced reactions on the 103 Rh, nat Pd, and nat Ag targets [31] [32] [33] [34] [35] [36] [37] .
In the deuteron-induced reactions, production of 101m Rh using 103 Rh target was measured by Hermanne et at., Detrói et al. in different energy regions [38] [39] [40] . Direct and cumulative production of 101m Rh in the d+ nat Pd reaction was also experimented by Detrói et al. [41] , however the production was significantly low. Apart from these, production of 101m Rh isomer was reported by Skakun et al. [42] Thus we have gone through the current interest to study the heavy ion induced reactions and the production of 97 Ru and 101m Rh radionuclides in those reactions. The experimental procedure and brief review of the nuclear model calculations are described in Secs. II and III, respectively. Section IV discusses the results and Sec. V finally concludes the report.
II. EXPERIMENT
The experiment was performed at the BARC-TIFR Pelletron facility, Mumbai, India. Spectroscopically pure (99.99%) natural yttrium and niobium foils were procured from the Alfa Aesar. Self-supporting thin foils of those metals were made by uniform rolling in a machine. Thicknesses of the thin Y-and Nb-foils were between 0.84-2.9 mg/cm 2 and 1.2-2.1 mg/cm 2 , respectively. The Al-backing foils had thickness between 1.5-2 mg/cm 2 . Annular aluminum holders with an inner and outer diameter 12 and 20 mm, respectively, were used to mount the foils. The large area of Al foil ensures the complete collection of recoiled the residues, if recoiled any, in the beam direction. The Al-foils also served the purpose of an energy damper so that suitable energy separation between consecutive target foils could be achieved. Energy degradation of the projectile in each foil was estimated by Stopping and
Stacked foil activation technique was used to explore
Range of Ions in Matter (SRIM) code [43] . The 11 B energy at a target is typically the average of the incident and outgoing beam energy.
After the end of bombardment (EOB), the residual radionuclides produced in each target foil (Y and Nb) were identified and quantified with the help of γ-ray spectrometry using a broad energy germanium (BEGe) based detector attached with a PC operating with the The activity of the residuals was measured in a fixed geometry over a longer period of time in the regular intervals to follow their decay profile. The activity of the residuals at the EOB was measured from the background-subtracted peak area count rate (counts/sec).
Production cross section of the residues at each incident energy was calculated from the activation formula. The detail description of the activity and cross-section measurement is available in our previous reports [26, 44, 45] . Nuclear spectroscopic data of the residual radionuclides are listed in Table I [46].
The error introduced in the cross section measurement was mainly due to non-uniformity of samples and in measuring its thickness (∼5%), fluctuation of beam current (∼5%), efficiency calibration of the detector (∼2%). Some other sources such as the branching intensity of characteristic γ-rays, counting statistics, beam energy degradation while traversing through the successive target foils (straggling effects) etc. are also responsible; however, these were negligible in this case [47, 48] . The total uncertainty associated with the cross section measurement was determined considering all those factors and the data was presented in this article up to 95% confidence level.
III. ANALYSIS OF MEASURED DATA
PACE4
Compound reaction contribution in the produced residues at different bombarding en- 
where λ (= λ/2π) is the wavelength of incident projectile; s, I and J represent projectile, target and compound nucleus spin, respectively, and l is orbital angular momentum of the projectile. T αjl (E α , J, Π) stands for the transmission coefficient having channel energy E α and orbital angular momentum l, which together with particle spin s couples to the channel angular momentum j used to select in target nucleus spin I populated for a given compound nucleus spin J and parity Π. Similarly, T βj ′ l ′ (E β , J, Π) and T γj ′′ l ′′ (E γ , J, Π) indicate transmission coefficients for β and γ channels with emitting energies E β , E γ and orbital angular momenta l ′ , l ′′ couple with emitting particle spins gives channel spins j ′ , j ′′ , respectively.
The quantity in the first square bracket indicates the compound nucleus formation/fusion cross section in a state of total spin (J) and parity (Π) associated to the incident channel α which reduces to a simple form for spin less target (I = 0),
The quantity in the second square bracket represents the decay probability of the compound nucleus in the channel β having ejectile particle energy E β .
PACE4 uses Bass model potential [50] for the calculation of transmission coefficient, although it is not well suited near/below the barrier as well as for very heavy ion projectiles.
Fission is considered as a decay mode, and modified rotating liquid drop fission barrier (by A.
J. Sierk) is selected. Evaporation of seven light particles/nuclei in the order n, p, α, d, t, 3 He, 6 Li is considered whose transmission coefficients are determined by optical model potential, where optical model parameter is taken from Ref [51] . Gilbert Cameron (GC) nuclear level density parameter and GC spin cutoff parameter are adopted for the calculation. Little a ratio, a f /a γ , is taken as unity. In order to simulate γ multiplicity and corresponding energy, a non-statistical yrast cascade gamma decay chain is artificially included.
EMPIRE3.2
EMPIRE considers all three major nuclear reaction formalisms -Direct (DIR), Preequilibrium (PEQ) and Compound (EQ). DIR processes are estimated either by coupled channels approach or distorted wave Born approximation (DWBA) [52, 53] . There are various PEQ phenomenological and quantum models for light-ion induced reactions. However, PEQ emissions in the heavy-ion induced reactions are not well tested for phenomenological hybrid Monte Carlo simulation as well as quantum mechanical multi-step direct (MSD) and multi-step compound (MSC) models, and therefore ignored by the code. PEQ emission for heavy ion projectiles is calculated using the exciton model, which has the capability to treat the cluster emission built on the Iwamotto Harada model [54] . The differential cross section of the PEQ emission has a form
where σ CF (ǫ α ) is the composite nucleus formation cross section and defined as σ
, a difference of reaction and direct reaction cross section. τ (n) is lifetime of n exciton configuration. W β (E, n, ǫ β ) represents the emission rate of a cluster β with energy ǫ β , spin s β and reduced mass µ β from a state with n (= p + h) excitons and can be given as,
where σ inv β (ǫ β ) is the inverse reaction cross section; ω(p, h, E) is particle-hole state density, calculated by Williams formula [55] . Q lm β (p, h) is a factor accounting for the probability of the outgoing cluster β being formed with l particles situated above and m below the Fermi surface (β = l + m) and factor F β lm (ǫ β ) denotes formation probability of the cluster β as a function of its energy.
EQ processes are calculated from the Hauser-Feshbach model, including width fluctuations and the optical model for fission. However, heavy ion fusion cross section is estimated with the help of a simplified coupled channel model (CCFUS) [56] . In CCFUS, collision between two nuclei is considered in the presence of coupling of the relative motion r of the projectile to a nuclear collective motion ζ. The Hamiltonian of such system is written as [57] 
where µ is the reduced mass of the system and V (r) is the sum of Coulomb and nuclear Woods-Saxon potential. H 0 (ζ) and H ′ (r, ζ) stand for the intrinsic and coupling Hamiltonian, respectively. The coupled-channels equations for the radial part of the total wave function can be written from such Hamiltonian as
where n represents a n th quantum state and ǫ n is the energy eigenvalue of the intrinsic Hamiltonian. J is the total angular momentum, the sum of relative orbital angular momentum l and the angular momentum of intrinsic motion I. H ′ nn ′ = n H ′ n ′ is the coupling matrix element. Diagonalizing this matrix element at the barrier, the matching wave functions can be uncoupled roughly. The total transmission probability is obtained by summing over the distribution of transmission probabilities for the eigenbarriers, with weight given by the overlap of the initial state with eigenchannels,
where I ′ is the angular momentum of collective motion in the entrance channel. Thus the fusion cross section can be calculated by using Eq. 2 except that the transmission probability is now affected by each reaction channel.
In the present calculation, the value of the mean free path parameter for the exciton model is chosen as 1. 
IV. RESULTS AND DISCUSSION
A methodical investigations of radioisotopes produced in the 11 B-induced reaction on Table II and Table III In general, measured cross section data is well reproduced by EMPIRE over PACE4. In the low energy region, a gradual increase in the theoretical cross sections of the radionuclides is observed in EMPIRE calculations compared to the steep increment in PACE4. It might be due to the more accurate treatment of fusion cross section (CCFUS) calculation and a general consideration of Ignatyuk energy-dependent level density parameter in EMPIRE.
Moreover, EMPIRE successfully explained the PEQ emission of particles in both the reactions using exciton model over the compound process. Though the effectiveness of the level density models (EGSM/GSM/GC) could not be concluded precisely from this study, yet GSM/EGSM explains satisfactory most of the reaction channels. It is true that heavy ion reactions cannot compete with the light ion production routes (of 97 Ru, 101m ) in terms of the production yield. However, sufficient production of those radionuclides is possible to conduct the experiments in the laboratory scale. A good quantity of those radionuclides could be produced using a high current heavy ion accelerator.The The comparisons of the theoretical model calculations suggest that the compound reaction mechanism is the dominant route for the production of residues. Like other heavy-ion induced reactions, PEQ emission of neutrons was observed in the 3n channels for both the reactions. A signature of PEQ emission was also evident in the p2n and p3n channel in 
